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Transverse expansion of the electrostatic sheath during target normal sheath acceleration of protons is inves-
tigated experimentally using a setup with two synchronized laser pulses. With the pulses spatially separated
by less than three laser spot diameters, the resulting proton beam profiles become elliptical. By introducing
a small intensity difference between the two pulses the ellipses are rotated by a certain angle, except if the
spatial separation of the two laser pulses is in the plane of incidence. The rotation angle is shown to depend
on the relative intensity of the two pulses. The observed effects are found to require high temporal contrasts
of the laser pulses. A simple model describing how the transverse shape of the electron sheath on the rear of
the target depends on the relative intensity between the foci is presented. The model assumptions are verified
and the unknown dependence of the transverse extents of the sheaths are estimated self-consistently through
a series of high resolution, two-dimensional particle-in-cell simulations. The results predicted by the model
are also shown to be consistent with those obtained from the experiment.
I. INTRODUCTION
The study of compact sources of laser-driven energetic
proton beams is an active area of research, with many
potential applications, such as proton oncology1, produc-
tion of short-lived isotopes2, and ion implantation3. One
acceleration process, called target-normal sheath accel-
eration (TNSA), has emerged as a robust acceleration
mechanism over a range of parameters4,5. The process
incorporates a short laser pulse, typically shorter than
1 ps, which carries an energy of 1–100 J. The laser pulse
is focused onto the front surface of a thin foil that is
instantly ionized and becomes a plasma that starts to
expand. The resulting plasma electron density, ne, has a
gradient along the target normal direction, and at a cer-
tain plane, parallell to the target surface, becomes higher
than the critical density, nc = ε0meω
2/e2, for the laser
radiation, where ε0 is the permittivity of free space, me
is the electron mass, ω is the laser angular frequency, and
e is the elementary charge. This has the effect that the
laser pulse cannot propagate through the full length of
the plasma and is partially reflected. However, some of
its energy is absorbed and heats electrons, which can tra-
verse the target. There are different heating mechanisms
contributing to the hot electron population, such as reso-
nant absorption6, vacuum heating7, and J ×B heating8.
For high intensities and short plasma scale lengths, J×B
heating is expected to dominate, which predominantly
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FIG. 1. A p-polarized laser pulse is guided onto the split
mirror, where it is divided in two parts. Both of them are di-
rected towards an f/3 off-axis parabolic mirror, which focuses
the laser pulses onto the front of a 3 µm thick aluminum tar-
get foil. The accelerated protons are detected by a spatially
resolving detector, situated 6.5 cm from the rear of the target.
The illustration is adopted from a publication by Aurand et
al.12, in which the experimental setup is described in greater
detail.
accelerates hot electrons along the laser propagation axis.
As the electrons exit the rear of the target, they set up
strong electrostatic sheath fields which ionize atoms and
molecules present on the rear surface of the target, and
accelerate the resulting positively charged particles. Ear-
lier studies have shown that it is possible to manipulate
the beam profile of the accelerated protons by either al-
tering the target geometry9,10 or by controlling the laser
intensity distribution on the front of the target11.
In a recent study12, we showed that, by varying the
2laser intensity distribution on the front of the target,
the divergence of the resulting proton beam can be con-
trolled. Irradiating the target simultaneously at oblique
incidence with two identical, focused laser pulses, spa-
tially separated by less than three spot diameters, re-
sulted in an accelerated proton beam with an elliptical
transverse profile, with its major axis perpendicular to
the foci separation axis. However, separating the foci
by more than three spot diameters resulted in two in-
dependent proton sources on the rear of the target, and
the proton beam profiles observed some centimeters away
from the target were circular, just as if only one focus was
used. In this paper we extend that study and present new
experimental results, partly expounded in the theses by
K. Svensson13 and L. Senje14, obtained by altering the
intensity ratio between the two separated laser foci. We
find that under certain conditions the orientation of the
ellipse rotates, which enables us to determine how the
transverse expansion of the electron sheath field depends
on laser pulse intensity.
II. EXPERIMENTAL SETUP
The experimental investigation was performed using
the multi-terawatt laser system at the Lund Laser Cen-
tre, which for this study delivered p-polarized laser pulses
with full-width at half-maximum (FWHM) durations of
40 fs, and temporal contrasts higher than 109 on the
100 ps time scale. The central wavelengths of the laser
pulses were 0.8 µm. The total energy on target for each
laser pulse was 0.7 J. The experimental setup15 is illus-
trated in Fig. 1. A split mirror divides the incoming laser
pulse into two separate pulses, and both are focused by
the same f/3 off-axis parabolic mirror (OAP) onto the
front of a 3 µm-thick aluminum foil at 45◦ incidence an-
gle, resulting in two spots, each with a size (intensity
FWHM) of 5µm. By introducing a controlled tilt in one
part of the split mirror, it is possible to separate the two
foci horizontally and/or vertically. Their relative inten-
sity can also be varied by moving the split mirror relative
to the laser beam. During the experimental study, the
accelerated protons were detected by a spatially resolv-
ing detector situated 6.5 cm from the rear of the target.
The spatially resolving detector is essentially a scintillat-
ing screen (Saint-Gobain, BC-408), which is imaged onto
one end of an optical fiber bundle. The other end is, in
turn, imaged by a 12 bit camera, positioned outside the
experimental vacuum chamber. The scintillator is cov-
ered by a 13µm thick aluminum foil in order to protect
it from residual laser light and target debris. This foil
also stops protons with energies lower than ∼ 1MeV and
heavy ions.
III. RESULTS AND DISCUSSION
A. Experimental Results
When the two vertically separated laser pulses had
equal intensity, as in Fig. 2b, the resulting spatial pro-
file of the proton beam was elliptical with its major axis
oriented horizontally (see Fig. 2f). This is in agreement
with the findings by Aurand et al.12 Introducing a small
intensity difference between the two laser pulses, the el-
liptical proton beam profile became tilted by an angle α,
as shown in Fig. 2a and Fig. 2e. If the rotation angle of
the elliptical beam profile depends on differences in laser
spot characteristics between the two foci, inverting their
positions should mirror the proton beam profile about the
horizontal axis. This was experimentally verified, and the
orientation of the elliptical proton beam profile was in-
deed reversed when the two foci were changed as shown
in Fig. 2c and Fig. 2g. For horizontal separation of the
laser foci, the elliptical proton beam profile was oriented
vertically. However, introducing an intensity difference
in this configuration did not result in any significant ro-
tation of the ellipse from its vertical orientation.
To determine how α is affected by the relative foci
alignment, we positioned the separated laser foci, with
equal intensities, at an angle ϕ relative to the vertical
axis. By keeping the separation distance fixed and vary-
ing ϕ from 0◦ to 90◦, we found that the resulting α fol-
lowed ϕ in a one-to-one relation. Thus, the observed
effect, shown in Fig. 2, is significantly larger than can
be accounted for by any misalignments of the laser foci,
estimated to be less than ±5◦. However, for horizontal
separation of the foci, any tilt was well within the align-
ment precision regardless of the intensity ratio.
The observations can be explained if the transverse
shape of the electrostatic sheath field, responsible for pro-
ton acceleration, is tilted. Since the angle of incidence of
the laser is 45◦ in the horizontal plane, the sheath ex-
pansion on the target rear surface is expected to have a
preferred direction along the positive y-axis (as defined
in Fig. 1). Also, if J × B heating dominates, the lateral
expansion of the sheath will preferentially be in that di-
rection, since the electrons are driven in the laser propa-
gation (z′) direction, see Fig. 1. Thus, separating the foci
vertically (along the x-axis), and introducing a difference
in expansion through an intensity difference, the leading
edge of the resulting electron sheath becomes tilted. Sep-
arating the foci horizontally (along the y′-axis), on the
other hand, does not result in any tilt of the transverse
front of the electrostatic sheath field.
B. Theoretical Model and Simulations
To describe the effect quantitatively, we construct a
simple model describing the transverse sheath expansion.
We start from the basic assumption that for each laser fo-
cus S1 and S2, the spatial size of the resulting sheath field
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FIG. 2. Vertically separated laser foci with (a) ρ = 1.6, (b) ρ = 1.0, (c) ρ = 0.73, and (d) ρ = 0.41, where ρ is the intensity ratio
from the peak values in each image. The corresponding transverse proton beam profiles are depicted in (e) to (h). In (a) and
(c), the foci are separated 8.5 µm, and in (b) and (d) by 12 µm. The proton beam profile rotation angles, α, are approximately
(e) −25◦, (f) −4◦, (g) +25◦, and (h) +35◦. The ellipses are fitted to the 60% signal level, and all color scales are normalized
to the maximum signal in each image. Each proton beam profile is recorded 6.5 cm from the target foil.
depends on the laser energies contained in each focus.
We neglect any changes in laser spot sizes and assume
the pulse duration to remain unaffected by the splitting
of the laser pulse. Then, separating the foci by a dis-
tance d, their different transverse front edge positions y1
and y2, respectively, lead to an effective tilting of the
transverse shape of the leading edge of the sheath by an
angle θ, as indicated in Fig. 3. Since the major axis of
the elliptical proton beam profile for equal intensity in
the two foci, was found to be perpendicular to the ori-
entation of the elongated sheath field12, we assume here
that α = −θ. From geometrical considerations we find
from Fig. 3:
tan (θ) =
y1 − y2
d
. (1)
Assuming the edge position scaling with laser pulse in-
tensity to be equivalent and independent in the two laser
spots, it is sufficient to consider here only one spot, in
order to analytically derive the dependency of θ on the
ratio, ρ = I1/I2, between the peak intensity in respective
foci, and the total laser energy Etot.
We model the edge position of the sheath arising from
a single laser spot to depend linearly on the laser pulse
energy in that spot. Below, we confirm this assump-
tion to be well reproduced by numerical simulations in
the parameter range under study. Then, the energy-
dependent edge position on the rear side of the target
is parametrized as
y (E) = kE + C, (2)
y2S2
y1S1
d
θ
FIG. 3. A model where the two laser spots, S1 and S2, are
separated vertically by a distance d. Each laser spot creates
a sheath which extends along the positive y-axis (see Fig. 1
for axis definitions) by y1 and y2, respectively. The figure
illustrates the situation after a given expansion time, when
the intensity of the laser pulse in S1 was higher than in S2.
where k and C are constants. Inserting Eq. 2 into Eq. 1,
we find θ to be given by
tan (θ) =
k
d
Etot
ρ− 1
ρ+ 1
. (3)
The only unknown parameter in Eq. 3 is the propor-
tionality constant k. To determine it, we invoke numeri-
cal simulations. Since we are only interested in the sheath
dynamics in the plane of incidence of the laser pulse
(yz-plane), a two-dimensional cut through the laser spot
is expected to provide a good model of the expanding
sheath. We perform a series of two-dimensional particle-
in-cell (PIC) simulations, using the code PICADOR16.
We simulate a linearly polarized laser pulse with central
wavelength λ = 0.81 µm and a Gaussian envelope in time
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FIG. 4. Example of PIC simulation results for a single laser
pulse with energy 1.1 J, showing the proton density as a func-
tion of both y, and time, t. The transverse edge position of
the sheath is extracted from the region void of protons, and
the fitted edge position for each time step is shown as black
lines, with the saturated size shown as white lines.
with 66 fs FWHM pulse duration and focal spot diame-
ter 5 µm incident under a 45◦ angle onto a 3 µm thick,
preionized target. On the front of the target, we simu-
late a preplasma of scale length L = 0.1 µm, composed of
electrons (mass me, charge −e) and protons (mass mp,
charge e). The target bulk is composed of electrons and
highly ionized heavy ions (mass to charge ratio 4.5mp/e).
We check that higher ionization states in the target bulk,
as are expected to occur in the experiment (i.e. lower
mass to charge ratios in the simulations) do not signifi-
cantly alter the simulation results. We use a simulation
box with 4 096×1 024 cells and a size of 160µm×60 µm to
resolve the small scale plasma heating dynamics as well
as the large spatial extent of the sheath expansion. We
initialize the simulation such that at its start, the center
of the laser pulse is 15µm from the front of the target,
to suppress artificial penetration of the main laser pulse
into the target.
All parameters are kept unchanged in the series of sim-
ulations, except for the energy content of the laser pulse,
which is varied in the range 0.025 J to 1.5 J. Then, for
each separate simulation the proton density on the rear
side of the target is recorded as a function of time, with
an example displayed in Fig. 4. Clearly visible is a struc-
ture with significantly reduced proton density growing
over time. We interpret this lack of protons being due
to the expanding electron cloud accelerating them away
from the rear side of the target. The sheath field is sub-
sequently screened by the accelerated protons whence no
protons are pulled back into the sheath region over the
times studied here, and a proton void signifies the spa-
tial extent of the sheath on the rear side of the target.
We then use an automated routine to fit a smeared out
step profile of the form np (y) = np0
(
1− exp
[
−σnpy
4
])
to the proton distribution in the positive as well as the
negative y-direction. Here, np is the proton density on
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FIG. 5. Fitted edge positions in the forward direction for the
performed PIC simulations. The solid line is a linear fit for
E > 0.1 J, with slope k = 21 µmJ−1.
the rear side of the target, and np0 and σnp are fitting
parameters. For each time step in the simulation, we
identify the edge position as the position ysheath where
the fitted step profile has reached np (ysheath) = 0.9np0
(black lines in Fig. 4). Apparently, the edge position sat-
urates to a constant value ∼ 0.5 ps after the laser pulse
has passed. This is interpreted as the equilibrium edge
position in the positive as well as the negative y-direction
(white lines in Fig. 4). We note that by using the positive
edge position in Eq. 1 as the location of the main contri-
bution to the accelerating field, we implicitly assume the
ion acceleration to be dominated by the leading edge of
the expanding sheath. This assumption is motivated by
the observation from the simulations that upon the im-
pact of the laser pulse, a surface wave is formed at the
leading edges of the sheath on the rear side of the target.
This surface wave provides the main accelerating field
responsible for the acceleration of protons.
The resulting energy dependent sheath edge position in
the positive y-direction is shown in Fig. 5 and is described
well by a line for laser energies E > 0.1 J. Therefore, we
limit the use of the presented linear model to laser en-
ergies higher than this threshold. In this regime we find
Eq. 2 to provide a good reproduction of the energy de-
pendent edge position, with the proportionality constant
determined to be k = 21µmJ−1. Thus, with a given ρ,
Etot, and d, we can predict the angle of rotation (θ) of
the resulting proton beam profile.
C. Discussion and Conclusions
Finally, we compare the predictions of our model to
our experimental measurement in Fig. 6 for Etot = 0.7 J,
and ρ ranging between 0.41 and 1.6. The experimentally
measured rotation angles are shown as black dots, and
are in good agreement with our simple model. This in-
dicates that the assumptions underlying the phenomeno-
logical model, such as, e.g., the accelerating field being
50.5 1 1.5 2
−45
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FIG. 6. Rotation angle of the front edge of the electron
sheath, θ, as predicted by Eq. 3 as a function of foci energy
ratio, ρ, is shown for Etot = 0.7 J. The black, solid line corre-
sponds to using d = 8.5 µm, and the dashed line corresponds
to d = 12 µm. The red area surrounding the solid line shows
how the θ changes when Etot is changed by ±0.1 J, and the
blue area shows how θ changes when d is changed by ±2.5 µm.
The rotation angles measured experimentally are shown as
circles, assuming the relation θ = −α, with error bars indi-
cating estimated uncertainties. The uncertainty of θ is esti-
mated to ±5◦, and arises from the fact that θ depends on
which signal level is selected for the fitting routine. In ρ, the
uncertainty is given by using different methods for calculating
the energy ratio.
sensitive to the leading transverse edge position of the
sheath, reasonably captures the sheath dynamics.
It is also worth noting that θ is very sensitive to
changes in the energy ratio close to ρ = 1 for higher laser
energy. This effect agrees with the experimental observa-
tion that the rotation angle is very sensitive to even small
differences in energy between the two laser spots. The
ellipticity of the beam profiles and their corresponding
orientation is also found to be sensitive to the temporal
contrast of the laser pulses, as the effect vanished when
the temporal contrasts of the laser pulses were decreased.
This is assumed to be related to the plasma expansion on
the front of the target. If the scale length of the plasma on
the front surface is long, the effects of two separated foci
is effectively washed out. The model describing the rota-
tion of the elliptical proton beam profiles also assumes a
preferred sheath expansion direction. If J ×B heating is
the dominating heating mechanism, in combination with
a short scale length, the expansion of the electron sheath
on the rear of the target will have a preferred direction
along the target surface, in, essentially, the direction of
laser propagation. The presented model is a rather sim-
ple. As explicitly mentioned, we neglect the variations of
the size and shape of the focused laser pulses irradiating
the target when experimentally altering the energy ratio
between the pulses. Furthermore, assuming the tilt of the
total sheath field to be due only to varying steady state
transverse edge position in the forward direction disre-
gards more complicated dynamics such as the sheath ex-
pansion in the backward direction. Temporal dynamics,
due to the fact that the high energy protons are emitted
mostly at an early stage of the acceleration, where the
forward edge position of the sheath is likely to not yet
have reached a steady-state value are also disregarded
in our model. In this respect, we note that the satisfy-
ing agreement between experiment and theory indicates
that our simple model still takes the dominant physics
into account. On the other hand, we expect significant
improvements of the theoretical model to be possible by,
e.g., including more complex dynamics of the accelera-
tion process, or a refined model for the tilt angle of the
combined sheath field.
A more detailed study of how θ varies with ρ and Etot
could be used to benchmark more elaborate models of the
transverse sheath expansion. Using the technique intro-
duced in this paper, it would also be possible to measure
how the transverse expansion and timescales depend on
the incidence angle of the laser pulse.
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